Abstract-The new propulsor, whose inspiration is from pectoral fins of fishes, has arisen increasing attention. To improve the performance of the existing labriform bionic pectoral fin, based on the structure and control mechanism of real fish pectoral fin, the under-actuated technology was utilized to design a new flexible bionic pectoral fin. Then, the kinematic model of pectoral fin during fish forward steady swimming and the dynamic model of bionic pectoral was built. Finally, Matlab was used to simulate the kinematic and dynamic performance of bionic pectoral fin. The simulation result shows that the new flexible bionic pectoral fin can imitate the propulsion motion morphology of pectoral fin during fish forward steady swimming well. However, due to the restriction of kinematic model of pectoral fin and structure as well as physical properties of bionic fin ray, there is still tolerance between the locomotion morphology of bionic pectoral fin and that of real fish. Therefore, it is necessary to develop further research on kinematic modeling of pectoral fin and bionic design of fin ray. Additionally, the new bionic pectoral fin reduces the number of the driving variables, providing the possibility and the basis of further reducing the volume as well as the complexity of bionic device of pectoral fin.
I. INTRODUCTION
Labriform Mode is an important maneuvering locomotion mode which is largely applied to teleost fish [1] . It takes the pectoral fin as the main maneuvering surface, accomplishing a variety of maneuvering locomotion such as hovering, forward-swimming, backward-swimming, braking and turning. These maneuvering performances with high-efficiency and flexibility are absent in the conventional underwater vehicle [2] . To improve the maneuvering performance of underwater vehicle so as to satisfy the demands in the exploration of marine resource and protection of marine environment, the new propulsor, whose inspiration is from pectoral fins of fishes, has arisen increasing attention [2, 3] .
For the exploration of new maneuvering surface of underwater vehicles, study on bionic pectoral fin is of great theoretical and practical significance. However, research on anatomical structure, neuromuscular control, physical properties of fin surface and otherwise reveals that the structure and control of fish pectoral fin is extremely precise and complex, and the pectoral fin also has numerous freedoms [4] [5] [6] [7] [8] [9] . Therefore, building a set of system, which can imitate the locomotion morphology of fish pectoral fin precisely, is difficult and challenging. Fig.1 is the skeleton structure of pectoral fin of labriform fish. J.Palmisano et al [10, 11] built the bionic fin ray according to the structural and physical properties of fin rays and installed the fin rays on the fin base(viz. scapula, coracoid, radial bones, cartilage pad and so on) in line. Under the driving of electromotor, active deformation of the fin rays arose, with which the fin surface also became deformed. Then, the flapping locomotion of the whole fin surface was achieved by electromotor driving the fin base.
G.V.Lauder and J.L.Tangorra et al [3, 12] built the bionic fin ray according to the structural and physical properties of fin ray, then the elastic material was utilized to build the bionic fin base. Since the fin base is elastic and flexible, the bionic pectoral fin can achieve four kinds of single locomotion morphology such as expansion, curling, sweeping and cupping easily by the drive of nylon rope. The complex locomotion pattern could be created by superimposing combinations of other three single locomotion pattern onto sweep motion. J.L.Tangorra and J.R.Gottlieb et al [13, 14] combined the flexible fin rays together according to the shape of fin base, of which each fin ray can achieve the rotation motion of two freedoms. Additionally, the nylon rope driven by the electromotor was used to control the rotation motion of fin rays with the aim of achieving all kinds of propulsion locomotion of pectoral fin. However, the freedoms of this bionic pectoral fin are numerous, its structure is also very complex and its complexity increases rapidly with the number of fin rays. In conclusion, the research on bionic pectoral fin is still insufficient. It is difficult for the present bionic pectoral fin to achieve all kinds of complex maneuvering locomotion as well as to be applied to underwater vehicles. Therefore, the research on the design of new flexible bionic pectoral fin based on the structure of fish pectoral fin and the neuromuscular control mechanism is of extreme significance.
Based on the skeleton structure and the neuromuscular control mechanism of fish pectoral fin, a new under-actuated flexible bionic pectoral fin was designed by utilizing the leading action of the leading edge fin ray and the trailing edge fin ray. Its kinematic and dynamic models were built. Then Matlab was used to simulate the locomotion morphology and performance of flexible bionic pectoral fin. Finally, the comparing analysis validated the rationality and effectiveness of the bionic pectoral fin.
II. STRUCTURE AND MOTION CHARACTERISTIC OF PECTORAL FIN
According to the skeleton structure of pectoral fin shown in Fig.1 , the pectoral fin mainly consists of fin base and fin ray. The fin base plays an important role in supporting the fin ray. All fin rays are bilaminar except the leading edge fin ray, which are two curved half rays termed hemitrichs, and each end of hemitrichs is attached with tendon. Under the contraction and stretch of the muscle of both sides, the fin rays can not only achieve lateral rotation as shown in Fig.2 (b) but also produce deformation which can change the shape and stiffness of the fin surface. Moreover, the fin rays can also achieve dorsal-ventral rotation as shown in Fig.2(a) under the action of muscle bundles as well as membranes between fin rays, but they mainly rotate towards the side of the trailing edge fin ray. The rotation motion towards the side of the leading edge fin ray is mainly led by the leading edge fin ray [15] . Through the rotation motion of fin rays on the two freedoms, the fish achieves various maneuvering locomotion such as propulsion, turning, backward-swimming, hovering, braking and so on [5, 8] .
III. DESIGN OF FLEXIBLE BIONIC PECTORAL FIN
Analysis on the skeleton structure and the neuromuscular control mechanism of pectoral fins reveals that the pectoral fin rays can achieve dorsal-ventral rotation as well as lateral rotation actively or passively under the action of muscle bundles and membranes between fin rays. Taking the complexity of muscular control into account, to reduce the difficulty in the bionic design of flexible pectoral fin, the assumption on the structure of flexible pectoral fin, motion control mechanism and physical property is described as follows:
1) Both the fin rays and fin base of pectoral fins are rigid.
2) The dorsal-ventral rotation of median fin rays is caused by the pull of leading edge fin ray and trailing edge fin ray.
The flexible bionic pectoral fin shown in Fig.3 composes of two parts(part 1 and part 2). Part 1 is actually a short link. It can swing dorsal-ventrally. Part 2 can swing laterally. Since the link is short, the bionic fin rays can imitate the swing motion of two freedoms of real fin rays well. The fin rays are connected with each other by means of caoutchouc membrane.
In addition, this paper takes the two-freedom swing of the leading edge ray and the trailing edge ray as active motion. For the median fin rays between the leading edge ray and the trailing edge ray, the dorsal-ventral swing is taken as active motion, while the lateral swing is taken as the passive motion. These motions of fin rays interact with each other by means of caoutchouc membrane. In order to reduce the oscillation of the median fin rays in the plane of fin base under the inertia force, this paper set the damping components to them.
IV. KINEMATIC MODEL OF PECTORAL FIN PROPULSION
Assume that the bionic pectoral fin area is the minimum at the initial time. For the dorsal-ventral rotation of fin rays of bionic pectoral fin, when the leading edge fin ray rotates dorsally, the fin surface expands dorsally as well. At this moment, if the trailing edge fin ray also rotates dorsally, pectoral fin with different areas and dorsal directions will be achieved. Similarly, on the condition that the trailing edge fin ray rotates ventrally, if the leading edge fin ray also rotates ventrally, thus pectoral fin with different areas and ventral directions will be achieved as well. When the leading edge fin ray rotates dorsally while the trailing edge fin ray rotates ventrally, the surface of pectoral fin will expand towards both sides and the direction of pectoral fin will change with the rotation angle of leading edge fin ray as well as trailing edge fin ray. Therefore, the bionic pectoral fin can imitate the change of area and direction of pectoral fin during a variety of maneuvering locomotion of fish. Then, combining the above dorsal-ventral rotation motion of fin rays with the lateral rotation motion, a variety of maneuvering locomotion of pectoral fin such as hovering, forward-swimming, backward-swimming, braking and turning will be achieved. In the following analysis, the propulsion locomotion of pectoral fin during fish forward steady swimming is provided as an instance to build the kinematic model of bionic pectoral fin. During the fish forward steady swimming, the propulsion locomotion of pectoral fin can de divided into two phases, a recovery stroke(abduction) and a power stroke (adduction). At the recovery stroke, the pectoral fin rays primarily move anteriorly and ventrally. At the power stroke, the pectoral fin rays primarily move posteriorly and dorsally, as is shown in figure 3 . Since the amplitude of the dorsal-ventral rotation of the trailing edge fin ray is very small, this paper takes the amplitude of the dorsal-ventral rotation of trailing edge fin ray as zero. Thus the mathematic models of the dorsal-ventral rotation of the leading edge fin ray as well as the lateral rotation of all fin rays are built as follows [16] .
Recovery stroke:
[ ] is the phase delay of lateral rotation of the i th fin ray, it increases evenly from the fin ray 1 with °0 to the fin ray 7; r T , P T and T indicate the duration time of the recovery stroke, the duration time of the power stroke and the propulsion locomotion period of pectoral fin respectively.
V. MATHEMATICAL MODEL OF FLEXIBLE BIONIC PECTORAL FIN
As shown in Fig.4 , the bionic pectoral fin is the rigid-flexible coupling system which is composed of fin base, two-link bionic fin ray and caoutchouc membrane element. Moreover, there is also complex coupling between pectoral fin and fluid during the propulsion locomotion of pectoral fin. Therefore, it is extremely complex and difficult to build a precise dynamic model of pectoral fin. For the sake of simplicity, neglect the mass of the caoutchouc membrane element as well as its deformation under the force of fluid. Besides, we assume that the caoutchouc membrane element is pure elastic element only affording pull force, and deformation of the caoutchouc membrane element along the length of fin ray and the thickness of fin surface under the pull of fin ray is neglected. In addition, assume that the fluid force to which the fin ray is subjected primarily results from the fluid force acted on the bilateral caoutchouc membrane elements of fin ray. Based on the above assumption, the following dynamic model of flexible bionic pectoral fin is built. For the i th two-link bionic fin ray, the dynamic model based on Lagrange method can be defined as. 
A. Dynamic Model of Bionic Pectoral Fin
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B. Hydrodynamic Calculation
The hydrodynamic performance of flexible bionic pectoral fin, belonging to unsteady hydrodynamics, is extremely complex, and there is complex coupling between pectoral fin and its surrounding fluid. For the sake of simplicity, neglect the coupling between the caoutchouc membrane element and the fluid, and utilize a quasi-steady method to evaluate the fluid force acted on the pectoral fin [17] . Thus, the hydrodynamic force acted on the fin ray 
C. Elastic Force Calculation of Caoutchouc Membrane Element
According to the theory of elasticity, the stress and the strain of the caoutchouc membrane element are of linear relation [18] . Assume that the surface stress coefficient is σ , the elastic force of the caoutchouc membrane element acted on the fin ray 
D. Damper Modeling
Suppose that the damping force acted on the fin ray is only correlated with the dorsal-ventral rotation velocity of the fin ray, thus the damping moment acted on the fin ray can be defined as [19] : ) 6 2 ( cos 1 1
Where b i is the perpendicular distance from the action point of the damping force to the axis of part 1 of the i th bionic fin ray; C i is the damping coefficient of the damper installed on the i th bionic fin ray.
VI. SIMULATION ANALYSIS
For analyzing the performance of the flexible bionic pectoral fin, MATLAB is utilized to write the corresponding simulation program. Meanwhile, assuming that the velocity U is s m / 1 . 0 , the surface stress coefficient σ is 0.1 MPa , the propulsion locomotion period T is 1 s , the duration time of the power stroke p T is 0.5 s , the duration time of the recovery stroke r T is 0.5 s ,the normal fluid resistance coefficient of fin surface n C is 1.18, the tangential fluid resistance coefficient τ C is 0.05. The simulation result shown in Fig.5 and Fig.6 indicates that the transient performance of the median fin rays is excellent. Therefore, it is feasible to cause the dorsal-ventral swing of the median fin rays by means of the leading edge ray and the trailing edge ray. This can also reduce the number of the driving joints and the complexity of the flexible bionic pectoral fin. Fig.5 Step response to leading edge fin ray Fig.6 Step response to trailing edge fin ray Fig.7 Post view of propulsion morphology of bionic pectoral fin and real pectoral fin According to he simulation result and conservation result shown in Fig.7 , the new bionic system of flexible pectoral fin established in this paper can imitate the propulsion motion morphology of pectoral fin well. However, there are still some errors compared with the motion morphology of real fish pectoral fin. There are mainly two reasons for such error. On one hand, simplification is made to the kinematic model of fish pectoral fin. On the other hand, rigid fin rays are used to take the place of flexible fin rays which can realize active or passive deformation. Therefore, in order to improve the performance of the flexible bionic pectoral fin, it is necessary to develop the research on the design of the bionic pectoral fin and the establishment of the kinematic model of real fish pectoral fin.
VII. CONCLUSIONS
Based on the anatomy structure and neuromuscular control mechanism of fish pectoral fin, a new under-actuated flexible bionic pectoral fin was designed. Then, the kinematic and dynamic models of bionic pectoral fin were built. Finally, the performance of the bionic pectoral fin was analyzed during fish forward steady swimming by simulation. According to the analysis, the following conclusions can be got.
(1)Taking advantage of under-actuated technology, the new bionic pectoral fin reduces the number of the driving variables, providing the basis of reducing the volume as well as the complexity of bionic pectoral fin.
(2) The bionic pectoral fin can imitate the propulsion locomotion during fish forward steady swimming well. However, due to the restriction of kinematic model of pectoral fin and structure as well as physical properties of bionic fin ray, there is still tolerance between the locomotion morphology of bionic pectoral fin and that of real fish. Therefore, it is necessary to develop further research on kinematic modeling of pectoral fin and bionic design of fin ray.
(3) Based on the theoretical analysis, the new bionic pectoral fin can imitate all kinds of maneuvering motion morphology of pectoral fin besides the propulsion morphology during fish forward steady swimming, but the feasibility still needs to be validated further by simulation and experiment.
